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Abstract-- 3D printing using Fused Deposition Modeling
(FDM) is a technology for the manufacture of individual parts
with particular or specific applications that cannot be found
regularly in the mass market. Printing time can take hours
or days, which is a weakness in the technology of 3D printing.
Printing time was analyzed from two perspectives: volume and
shape for regular small size pieces. Through 3D print prepara-
tion software, simulated printing time can be configured by
many parameters that influence both printing time and the
print quality. Through this study, under the Taguchi Design
of Experiment methodology, could be identified that packing
density and print speed are the most influential parameters in
printing time, for these kind or pieces.

Keywords-- Design of Experiment, Taguchi, 3D Printing,
Printing Time, Fused Deposition Modeling, FDM

Resumen-- Impresién 3D utilizando Modelado por Deposicién
Fundida (MDF) es una de las tecnologias para la fabricacién de
piezas unitarias con aplicaciones particulares o especificas que
regularmente no se encuentran en el mercado a gran escala. El
tiempo de impresién puede demorar horas o dias, lo cual es una
debilidad en la tecnologia de Impresién 3D. El tiempo de impresién
fue analizado desde dos enfoques: volumen y forma para piezas de
tamafo regularmente pequernios. A través de un software de pre-
paracién de impresién 3D se simuld un tiempo de impresién es-
timado, configurando pardmetros que pueden influir tanto en los
tiempos de impresién como en la calidad de la impresién. A través
del presente estudio, bajo la metodologia Disefio de Experimento
Taguchi, se identific6 que la Densidad de Relleno y la Velocidad
de Impresién del Relleno son los pardmetros més influyentes en el
tiempo de impresién para este tipo de piezas.

Palabras claves-- Disefio de Experimentos, Taguchi, Impresién

3D, Tiempo de Impresién, Modelado por Deposicién Fundida, MDF.
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APPLICATION OF TAGUCHI EXPERIMENTAL DESIGN FOR IDENTIFICATION OF
FACTORS INFLUENCE OVER 3D PRINTING TIME WITH FUSED DEPOSITION MODELING

I. INTRODUCTION

3D printing using Fused Deposition Modeling tech-
nology (FDM), is one of the emerging technologies
at global level. Many industrial applications have
been developed thanks to this technology like oth-
ers existing in the market, beyond printing plastic
materials (ABS, PLA) for fast prototype of pieces,
there are advances in ceramic printing [1], pros-
thesis and dental implants [2], preparation and
training of complex surgeries [3], bone replacement
implants [4], food [5], metal [6], and in the case of
more radical developments, printing tissue and bio-
logical organs [7]. Other applications can be also
found in the web like the extrusion of cements for
3D printing houses, jewels and fashion. As can be
appreciated, there are innumerable applications of
this technology, and there can be much more to be
discovered.

3D printing through FDM starts with the heat-
ing of the extruder from 180°C to 230°C, depending
on the type of material to be printed. Once this
system is heated, a filament of material with vary-
ing diameters between 0.75mm and 1.5 mm, is ex-
truded through a nozzle that draws a trajectory on
X and Y axis. The molten filament is placed on a flat
platform with temperatures ranging from 30°C to
90°C (also called “Heated Bed”) drawing a trajec-
tory on Z axis. 3D printing preparation software di-
vides the models in layers over Z axis, whose thick-
ness is determined by the height at which is placed
the melted filament from the extruder, depending
on the quality to be obtained which can regularly
range from 0,Imm to 0,25mm (layer height). Once
the first layer is finished, the extruder is elevated at
a distance equivalent to the layer height, and con-
tinues to the following application, until finishing
printing the object.

Three sections compose the current article, the
first one presents an exploration of 3D Printing
Technology FDM. The second section describes the
study parameters (setting variables of 3D printing)
in FDM Technology that were taken as a study ba-
sis and the used orthogonal arrays, as well as other
considerations for the experiment. The third section
describes the obtained results, and finally, the con-
clusions of the study are given.

A. Exploration of FDM technology in literature

3D printing by fused filament was introduced by
[8]. However, there are two terms commonly used
in literature to refer to 3D printing technology on
which this study is based. One of them is FDF or
Fused Deposition Filament. In both, English and
Spanish literature there are few authors that refer
to this technology with those words, [9] for exam-
ple, uses it in characterization of rapid prototyping
processes, [10] makes a reference in a case of ap-
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plication of the technology to manufacture a keel
replacement for an electric boat propeller, [11] for a
case of application of nanocellulose with this tech-
nology. The reference [12] refers in this term to the
use of the technology in a research about aesthetics
in 3D printing, where he found an ample use for
textures of surfaces of manufactured pieces. Fi-
nally, [13], [14] refers to it as one of the alternatives
that a research department would have for an exer-
cise of fast prototypes, however, this author at the
same time uses the term “Fused Deposition Model-
ing” in order to widen the concept of the technology
he is referring to.

On the contrary, the use of the term “Fused De-
position Modeling” is found with greater relevance
in quantity as well as in the number of quotes, for
example, we see that [15], [16] refers with this term
to a study of Surface finishing vs deposition time
of melted material, [17] refers to it for a study of
mechanical featuring of manufactured parts using
this technology, [18], [19] in research for the use of
polymethylmethacrylate through 3D printing for
the manufacture of implants using FDM technol-
ogy, and [20] develops a support system of multiob-
jective decisions to assist users of FDM processes
to select the setting variables to achieve specific
targets in regard to the characteristics of the parts
of the piece to be printed. Finally, referencing the
technology like “Fused deposition modeling” for the
design and construction of a 3D printer [21], [22].

II. METHODOLOGY

The employed methodology was based on Taguchi
experimental design. This methodology outlines
the importance of quality control in an appropriate
design of the product and processes to manufacture
robust products, and less sensitive to noise factors,
the orthogonal arrays of this technology also allow,
besides a significant reduction of resources, to de-
termine which factor generates more noise, simpli-
fying many statistical efforts that other methodolo-
gies use.

3D printing parameters may vary depending
on the used management printing software, this
study is based on parameter modification using
CURA Software. This software is characterized by
its practical and friendly graphic interphase, and
has 3 setting profiles: Basic, Advanced and Expert,
respectively. The variables are mainly configurable
as the profiles are changed. The present study
grouped the parameters that are influential in the
speed of the piece, but do not have a direct impact
on the quality of the piece of each of the aforemen-
tioned profiles.

Eight parameters were selected as factors for the
experiment, and serv as entry parameters for cal-
culating the orthogonal arrays. Parameter descrip-
tion can be seen on Table 1.
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TABLE 1. PRINTING SETTING PARAMETERS
SELECTED AS FACTORS FOR THE EXPERIMENT.

the quality

PARAMETER | DESCRIPTION | RECOMMENDATION
Between 0.1 mm and of
At less layer noozle diameter. Layer
Layer height height, greater height should not be

greather than 80% of
nozzle diameter

Fill density

Fill Density

For artistic creations,
shapes or decorative
elements, 20%. For
pieces that must bear
weight or effort, 80%.

Print speed

Speed during
the extrusion
of printing
material

At greater speed there
is less printing quality.
28mm/s

Travel speed

Speed of
extruder when
travelling from
one point of
the machine to
another

By defect at 150mm/s,
although in some
printers can move too
fast, it is recommended
to slow it down at
130mm/s

Bottom layer
speed

Important

to adhere

the piece, to
program bottom
layer at low
speed.

One value to obtain
good results in most
printers is 22mm/s

Infill speed

To infill

the piece,
speed can be
considerably
increased
without
affecting its
quality, thus
reducing
printing time

40mm/s and
progressively increased
until finding the ideal
speed.

Outer shell
speed

Piece finishing

depends on it, it
is convenient to
start with a low
speed

25mm/s is an adequate
speed

Inner shell
speed

This parameter
is going to

fix inner

shell speed
(depending on
Shell Thickness
configuration,
we will have a
greater or lesser
number of
these shells)

When shells are not
visible, we can increase
the speed in regard

to the visible shells
without this affecting
the finish of the piece,
initially set this value
in 30mm/s

As could be noted, the present study collected a
series of recommendations in regard to printing pa-
rameters, in order to vary in extremes the values,
and structure the levels of the experiment. Three
levels for each factor were chosen as can be seen on
Table 2.
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TABLE 2. FACTORS AND LEVELS.

LESSER | NOMINAL | HIGHER
FACTORS | UNITS LEVEL LEVEL LEVEL
A | Laver mm 0,23 0,115 0,1
height ’ ’ ’
Fill o
€ | Density % 10 30 50
p | Print | 10 30 50
speed
B | Travel b 100 150 200
speed
Bottom
F layer mm/s 10 30 50
speed
a| MU s 20 40 60
speed
Outer
H shell mm/s 10 30 50
speed
Inner
I shell mm/s 10 30 50
speed

Based on eight influence factors and three levels,
were obtained as options of orthogonal arrays, Ta-
guchi L9 and L27, and orthogonal array L27 was
selected, in order to give greater reliability to the
study.

After choosing the 3D printing for FDM to be
used, and the experiment determined by Taguchi
L27 orthogonal array for a total of 81 arrays, other
influential factors were also included, over which
printing times can vary: Type or shape of model
to be printed, that can generally be of two types of
models: Geometrical or Organic, and were set with-
in the Taguchi Experimental Design as signals, in
order to identify the behavior of these parameters in
front of these types of pieces.

For the present experiment were determined
three signals represented in the types of pieces or
models to print, no greater than 10cm (Height) as
can be noted on Fig. 1. The selected models were the
following:

a. Geometric Compound: Model that has a cube, a

Cone, a Sphere, and a Pyramid.

b. Organic with filling': Statue of Owl whose shape
represents a model of nature.

c¢. Organic Contour?: Non-geometric Model without
filling.

! Downloaded Model from www.thingiverse.com

2 Downloaded Model from www.thingiverse.com
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Fig. 1. Geometric Model (left), Organic Model (Center), Organic Contour Model (Right).
Source: Author (left), www.thingiverse.com (Center and Right)

Two experiments were projected, the first one
consisted in the exploration of the most influential
factors, in it were analyzed eight factors and the
three signals formerly set out, the objective was
to discard the less influential factors through the
results of the analysis graphs of signal-noise rela-
tion that would yield the Minitab statistics soft-
ware.

With the most influential factors identified, it
would be carried out a second experiment in order
to validate the most influential parameters of the
results of first experiment through a new Taguchi
Orthogonal Array that would be determined by
the amount of selected factors, to be also analyzed
through the signal-noise relation graph.

The resulting values were obtained from print-
ing time simulation yielded by CURA 3D printing
software through the variation of printing param-
eters (Factors of Experiment Design) and regis-
tered in Minitab the simulation values, replica of
the experiment that was carried out for each se-

lected 3D model that act as signal-noise within the
design of Taguchi experiment.

IV. REsuLTs

The exploration experiment yielded as a result that
the factors (B) Fill Density, (F) Infill Speed, (G)
Outer Shell Speed and (H) Inner Shell Speed, are
the most influential factor from greater to lesser
mayor impact in printing times, this can be con-
firmed in Fig. 2.

With these four factors of greater influence, a
second Taguchi Experimental Design was carried
out to validate the influential factors, which for
four factors, three Levels and the same three
signals (types of printing pieces), determined an L9
orthogonal array to do 27 more combinations.

The executed statistical analysis in Minitab,
ratified that the most influential printing
parameters in printing times are Fill Density, and
Infill Speed as can be seen on Fig. 3.

Fig. 2. Signal-Noise Relation Graphic of the Exploration Experiment obtained from Minitab
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Fig. 3. Signal-Noise Relation Graphic of the Validation Experiment obtained from Minitab

V. CONCLUSIONS

Using Taguchi Orthogonal Arrays to Design Ex-
periments, varying in three levels, eight printing
parameters taken as factors, it was determined
that the most influential factors on printing times
for relatively small pieces are Fill Density, and In-
fill Speed, and that Layer Height, Printing Speed,
Travel Speed and Bottom Layer Speed have no great
influence on printing times. It is recommended for
next researches to determine the relation between
printing times and the quality of hollow pieces with
thick contours that help ensure the integrity of
printing, using clear, printing supports for it, inter-
nal as well as external. Besides, an ample DOE must
be performed to include pieces of small height and
width, medium and big, considering the printing ar-
eas of the 3D FDM printers, as well as the compari-
sons of several 3D printing preparation software.
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